The investment casting process uses wax patterns which may be produced using the soft tooling process where the common flexible (polymer) mould materials used are polyurethane rubber, silicone rubber, etc of a typical kind. However, due to poor thermal conductivity of these materials, solidification time of (wax) patterns takes longer yielding to reducing rapidity of the process to a great extent. This problem may be overcome by increasing thermal conductivity of mould material that can be achieved either by molecular orientation of polymer itself or by addition of conductive fillers into polymer. The method of controlled addition of thermal conductive (particulate) fillers into mould material may be adopted by realizing it as a most simpler and easy to implement technique in industry. In this article, we have carried out an experimental study to find the affects on equivalent thermal properties of flexible mould materials reinforced with conductive filler particles. Two different types of particles (aluminium and graphite) with different morphological characteristics are considered as fillers. The measurement of thermal properties is carried out by transient plane heat source technique. It is found that as much as 10-fold increases in thermal conductivity and thermal diffusivity values of mould materials reinforced with conductive fillers. In explaining the experimental results by several empirical/semi-empirical models, it is observed that the Lewis-Nielsen model provides a good estimation, while the Agari-Uno model (fitted with experimental data) shows better agreement than other models.
Introduction
Among different rapid tooling processes, soft tooling (ST) is the one where polymeric flexible materials (such as polyurethane (PU) rubber and silicone rubber (SR) of typical kind) are used for making mould [1] . ST process is particularly suitable to produce wax patterns (used in investment casting process) in small batch by vacuum assisted or gravity casting method based on RP (rapid prototype)/others pattern. Development of metal component through rapid prototyping-soft tooling-investment casting process is illustrated in Figure 1 .
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Wax Pattern Investment casting Investment casting pattern made in ST process shell preparation product However due to poor thermal conductivity (TC) of flexible mould materials, the solidification time of wax component in ST process takes long yielding to reducing the rapidity of the process to a great extent. This problem may be overcome by increasing the thermal conductivity of mould material that can be achieved either by molecular orientation of the polymer itself or by addition of conductive fillers in the polymer. The method of controlled addition of thermal conductive (particulate) fillers into mould material (to form polymer composite) is adopted by many practitioners by realizing it as a most simpler and easy to implement technique in industry. However presence of filler particles in mould material will affect other properties of mould (namely, stiffness of mould, flow ability of melt mould material, etc) those are important for ST process to obtain various advantages in moulding process. Thus, it is very much important to have a prediction on equivalent thermal conductivity of composite prior to the addition of certain amount of given filler into mould material in order to keep various advantages of ST process obtained in the mould up to the desired levels.
In past, various researchers studied the effect of equivalent thermal/electrical conductivity of polymer by inclusion of metallic/ceramic powders. A significant amount of work has been conducted by varying the amount of conductive fillers in composite materials [2] [3] [4] [5] . The aim of present research work is to analyse the effect on equivalent thermal properties (thermal conductivity, thermal diffusivity and specific heat) of flexible mould materials, PU and SR by addition of high thermal conductive filler particles, aluminium and graphite. In addition, various equivalent thermal conductive models reported in literature are used to explain the experimental results of thermal conductivities.
Materials and composite manufacturing

Flexible mould materials
Among different mould materials, in this study we have chosen two flexible mould materials extensively used in industries, namely polyurethane (PU) produced by Smooth-ON, Inc. USA and silicone rubber (SR) (Silicones ELASTOSIL ® RT 601 A) manufactured by Wacker-Chemie GMBH, Germany. Both PU and SR are of two parts (part A and part B) mixing in the ratio of 1:1 and 9:1 by weight or volume, respectively and cured in room temperature.
Filler particle
The filler materials that we have considered in this work are aluminium fine powder and graphite granules having thermal conductivities 237 and 209.34 W/m-k, respectively. The average filler particle size and shape distributions are investigated through experimentation as follows: 
Filler particle size and shape distributions
Measurements of granulometric parameters of both the fillers are made using M420, WILD Heerbrugg Microscope. The particle size and shape distributions of both filler materials are enlisted in Table 1 . The (arithmetic mean) size of particles is determined by taking the average of minimum and maximum lengths of the particles. For (near) spherical shape, the particle size is equivalent to the diameter of sphere. For (near) cylindrical shape, the size of particle is equal to (length + diameter)/2. In order to find the size distribution of particles, a small amount of sample is taken at random form bulk. We have counted the number of particles in that amount as well measured the size of each particle in an approximate approach and finally determine the particle size distributions arithmetically in four different ranges. The average particle sizes (calculated based on weighted average method) of aluminium and graphite fillers are 12.3 micron and 296 micron, respectively. The maximum volume fractions of graphite and aluminium particles found experimentally are 0.5216 and 0.6032, respectively.
Composite manufacturing
In order to prepare the composite samples (50 mm square and thickness 5-6 mm) used for thermal property measurements, the weights of part-A and part-B of liquid polymer (PU/SR) and filler are calculated based on the densities of these components for a certain volume fraction of filler in the composite. Then the part A (liquid polymer) is first mixed with filler particles in a container using manual stirring. To assure a uniform mixing, stirring of liquid polymer and gradual pouring of filler material is done simultaneously. Once, the uniform mixing of liquid polymer and filler material is achieved, the hardener (Part B) will be pored into the mixture of liquid polymer and filler, and stirred it properly for another 5-10 minutes. Before pouring the mixture material into mould box, release agent is sprayed thoroughly inside the mould box. After curing the polymer composite at room temperature, it is taken out from mould box and the mould box is reused for preparing another sample. Diffe rent samples are prepared by varying the amount of (volume fraction) filler mixed with PU and SR. We have restricted the amount of filler to be mixed with mould material up to the maximum packing fraction of filler particles since it indicates the maximum loading level of particles to be mixed into a fluid.
Measurement of thermal properties
Thermal properties of different composites are measured based on transient plane heat source (TPS) hot disk method [6] following the standard, ISO 22007-2:
2008(E). We have used the instrument, TPS 2500 S Thermal Conductivity System associated with the software, HotDisk Thermal Constant Analyser V.5.9.5 (solids, liquids, powders and paste) [7] [8] [9] . The TPS 2500 S Thermal Conductivity System utilizes a hot disk sensor in the shape of a double spiral of nickel wire. The hot disk sensor (design number: C5501) with 14 concentric rings is used here for measuring thermal properties. The sensor element is made of 10 µm thick nickel wire and the spiral is supported by 30 µm thick Kapton material to protect its particular shape by providing mechanical strength and also keeps it electrically insulated. The relaxation time of the probe is less than 10 ms and the required time to reach a constant temperature difference is kept as 15 min. The sensor used in the experiments has a diameter of 2a (a is the radius of largest ring, 6.403 mm) and total thickness (Kapton-nickel-Kapton) of 2v (=70 µm) was placed between two samples of 50 mm square and thickness 5-6 mm. The probing depth of the sensor used for all the samples is around 6 mm. In hot disk method, measurements of thermal properties are made based on the average temperature increase in hot disk sensor. In the following, derivation of average temperature increase in hot disk sensor and the method of computing thermal properties are made. The differential equation of heat conduction in an isotropic material whose thermal conductivity is independent of temperature is given by [10] The fundamental solution of Equation (1), assuming that heat source switched at time t=0, is ( 
in which ( ) δ is the Dirac delta function (where A hot disk sensor is considered to have m number of concentric rings (heat) source those are equally spaced [6] . Assuming the source is continuous and it is switched on at 0 = ′ t , the strength of heat source for can be defined as
where a is the radius of the largest ring and that of the smallest ring is ). Thus, the total heat released by the sensor in time t is obtained as where P 0 is the power output of the hot disk sensor per unit time. Now, the temperature increase caused by hot disk sensor can be obtained by carrying out the integration in Equation (2) and with the help of Equation (4) Thus the temperature increase at any point on the sensor surface (i.e., z=plane), is described by the Equation (9) . But to determine the temperature increase of the sensor itself, it is required to determine the average temperature increase over the length of the concentric rings. Therefore, the average temperature increase of the sensor is defined as (from Equation (9)) and L (as cited above) in Equation (10) ( ) D τ is a dimensionless time function. A more detailed derivation of average temperature increase in hot disk sensor can be found in [11] .
From Equation (11), it is seen that average temperature increase in hot disk sensor, and ( ) D τ may be obtained for a proper value of τ that is again depended on the value of k (for given a given value of a and time, t). Therefore, it is required to find the proper value of k and normally this may be done by making a series of computational plots of the correct value of k is obtained, the value of K can be determined from the slope of the straight-line plot of
Another way to determine the value of K is to measure the density (ρ) and the specific heat (c) of the material separately. Then, the value of K can be obtained by multiplying the value of k with the density and specific heat of the material. This method is generally applied for anisotropic materials. If the properties along x-and y-axes are the same, but different from those along the z-axis and if the plane of the hot disk sensor is mapped out by x-and y-axes, the Equation (11) will be expressed as
where K x and K z are the thermal conductivities in the x (or y) and z directions 
Results and discussion
The equivalent thermal conductivity (ETC), thermal diffusivities and volumetric heat capacity of particulate filled PU and SR composites with Al and graphite particles for different amount of filling fractions as obtained through experimentations at room temperature (23°C) are illustrated in Figure 2 . From the experimental results, it is quite evident that thermal conductivities of particulate filled PU and SR are increasing (around 10 times) with increasing amount of filler and the increasing rate starts drastically more at around 20-30% volume fraction of filler for some composites. This is due to the formation of thermal conductive chain in composite whose tendency is high in elevated filler content. In Figure 2 , another point is noticed that increasing rate of thermal conductivity is comparatively higher for any level of filler content when graphite filler is used for both the mould materials. The reason is, large particles which is equivalent as the composed of aggregates of filler particles are much capable of forming conductive chains than fine particles. Moreover, the amount of heat scattered around the contact points in case of coarse particles is smaller than fine particles, since less number of contact points required to form the same length of conductive chain [2] . On the other hand, it is worth mentioning that manufacturing process of composite is an important aspect to achieve a maximum value of ETC of flexible mould material composites. Because there is much possibility of the presence of voids in mould due to fault(s) in manufacturing, which will reduce effective thermal conductivity. This phenomenon is observed in the results of PU-Al composites (Figure 2(a) ). It is found that though the composite contains higher filler (48.66%), it exhibits lower ETC than that having lower (39.922%) filler due to presence of more voids (as seen in Figure 3 ). The experimental results of ETC of 4 kinds of composites were tried to explain by several empirical/semi-empirical models as shown in Figure 4 . It is observed that the Lewis-Nielsen model provides closer estimations (average % error, 28.48) than others empirical models in all four composites. Moreover, a better fit is observed with the semi-empirical model of Agari-Uno whose controlling parameters are determined based on the experimental data. The average % errors of Agari-Uno model are found as 2.35, 10.12, 8.9 and 16.82 by individually fitting the composite systems mentioned in Figures 4(a) , 4(b), 4(c) and 4(d), respectively. However, it was found that the average % error of the Agari-Uno model by fitting all the data of 4 composite systems is considerably high (19.29%) though still lower than Lewis-Nielsen model. Therefore, it may be argued that development of a generic model for ETC is a difficult task and it may be achieved by use of suitable data-driven modelling technique.
In looking at the Agari-Uno models [18] , it was found that values of C1 (0.933594, 1.0, 1.0 and 1.0) are nearer to 1.0 and the values C2 are 0.625, 0.852295, 0.4944 and 0.690013 for the suspension systems, Figures 4(a), 4(b) , 4(c) and 4(d), respectively. Value of C1 close to 1.0 indicates that effect of crystallinity and crystal size of polymer and changing thermal conductivity of polymers is negligible due to the inclusion of both graphite and Al particles. The value of C2 close to 1 indicates more ease in forming conductive chains of particles in composite. In the present composites, it is observed that the value of C2 is greater for large particle size filler (graphite) than for the smaller one (Al) which agrees well with the results Boudenne et. al [19] .
Conclusions
In the present work, an experimental study is carried out to find the equivalent thermal properties of particle reinforced flexible mould materials using hot disk technique. The measurements of thermal properties using hot disk technique are presented. A significant increase of thermal conductivity of composite mould materials (PU and SR) was observed which will be helpful to reduce the cooling time in ST process. However, presence of voids in the composite due to manufacturing fault(s) reduces the effective thermal conductivity considerably. It was observed that data driven model, Agari-Uno and numerical model LewisNielsen provide better TC estimations than other models.
